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Repeated heavy-metal contamination caused by people at a meandering stream approximately seven thousand calendar years ago in southern Jordan
JPG  RBA  HF  DDG  COH  KIH AK-Z  AM CR  SS  is this correct?
Abstract
The wetland margins of a “perennial” meandering stream were repeatedly and significantly contaminated by copper emitted by human activities approximately seven thousand calendar years ago in what are nowadays the hot and hyper-arid lowlands of the Faynan Orefield in southern Jordan.  This contamination was primarily of complex stream-overbank-wetland-anthropogenic deposits, termed the Anthropogenic-fluvial lithofacies, but not of the contemporaneous, faster and slightly deeper-water, the Fluvial-clastic lithofacies.  The immediate source(s) and mechanism(s) responsible for the contamination in copper are unknown.  Variations in the distribution of copper in this stream-sequence are not readily explained as merely the result of chance, co-incidence, sampling, measurement error, “natural” geomorphological processes, or by post-depositional contamination from layers of smelting slags and contaminated sediments within overlying colluvium.  The degree of enhancement in copper in was up to an order of magnitude greater than measured in other Holocene stream or pond deposits that were similar or slightly older antiquity, as well in comparison to the adjacent modern wadi braidplain, and Pleistocene fluvial and paludal deposits in the same cathcment.  Concentrations of lead are smaller, more variable, and appear to have been less influenced by contemporaneous human activities at the location. 

1.	Introduction
This geoarchaeological reconnaïssance explores the surprisingly high concentrations of copper and lead measured by Grattan et al. (2007) in some of the deposits from a small meandering stream bordered by wetland, that sometimes dried-up, approximately seven thousand calendar years ago in southern Jordan.  The exposure (designated WF5021 – and termed the Faynan Member Upper Component, McLaren et al. 2004) was in a cliff-edge of the modern braidplain of Wadi Faynan in the lowlands of the Faynan Orefield (Figures 1, 2 and 3).  For example, high concentrations such as 1459 ppm copper (by ICPMS) were measured in visually-ore-free fine-fraction of some sediments, such as in sample D (Figures 2 and 3a).  The initial surveys found those stream-wetland-overbank sediments that were rich in heavy-metal rich comprised primarily overbank silts, with some sands and lenses of fine gravels; often with disaggregated charcoal or interbedded lenses of powder-charcoal, and clasts of solid charcoal; there were also distinctive sedimentary parting planes and thin palaeosols that various pointed to episodes of flooding and of desiccation.  The worked cherts and fragments of pottery and bones demonstrated the immediate proximity of people approximately at the time of sediment deposition.  
Figure 1 here
Those stream sediments in this sequence that lacked charcoal and anthropogenic debris – worked cherts, fragments of bone and pottery - typically had much lower concentrations of copper, lead and other heavy metals (e.g. A, B, C, J, K) (Figures 3a and 3b).  Sometimes these were an order of magnitude lower (Figures 2, 3a and b).  As a result, the high concentrations were attributed by Grattan et al. (2007) to heavy-metal contamination of sediments associated with fumes, dusts and debris from with fires that had been lit by people at the margins of the stream.  Correspondingly, these associations also implied to Grattan et al. that the high concentrations of heavy metals were not merely the result of “natural” fluvial geomorphological processes with well-known copper ores within its catchment, and within which occasional powerful floods were generated in the adjacent steep, upland terrain (Figure 1).  
The inferred heavy metal contamination was dated by AMS radiocarbon dating to cal. BP 2σ  7245-6994 [Beta-205964] (solid charcoal at G).  This is attributable to the local Late Neolithic (Hunt et al. 2007c).  This date was supported by the local pollen biostratigraphy and lithostratigraphy (Grattan et al. 2007; Hunt et. al. 2004, 2007a, b&c; McLaren et al. 2004).  The overall length of time represented by this “early” Holocene stream-wetland sequence was unknown; possibly it was only a few decades.  
Previous palaeoecological research indicates this depositional environment seven thousand years ago was a “perennial” meandering stream laying down stream-channel and overbank deposits, with reed-swamp, and other riparian/wetland habitats (Hunt et al. 2004; 2007a&b).  This was bordered by much drier lowlands with steppic vegetation - a congenial local habitat and climate, especially when compared to the modern hyper-arid desert.  
This stream sequence at WF5021 was exposed at a steep and eroding cliff-edge (~5 – ~10 m high) until early May 2014, when most of it was lost in a violent flood along the typically dry braidplain (Figures 1 and 2).  The exposure was also lose to those of Late Neolithic occupation deposits previously excavated at Tell Wadi Faynan (WF5022) by Najjar et al. (1990; Barker et al. 2007a).  In-situ small clasts of green copper ores were seen during in 2010 within its Late Neolithic components, as previously reported by its excavators (Najjar et al. 1990).  The presence of lime-plasters indicates the capability to make and control very hot fires.  The erosion of May 2014 confirmed earlier conclusions that these 7ka cal. BP., stream-overbank deposits of the Faynan Member – Upper Component (McLaren et al. 2004) occur as a layer of variable thickness, sometimes with lenses of charcoal, along the new exposure along the wadi-edge cliff to immediately beneath the lower strata of the Tell Wadi Faynan (Figure 2).  A conclusion that is further supported by the radiocarbon dates at Tell Wadi Faynan published by its excavators (Najjar et al. 1990).  
Both locations are overlain by the silt-rich Tell Loam Member (McLaren et al. 2004) which dates here from shortly after seven thousand calendar years ago  (Chalcolithic [?]) Early Bronze Age to an unknown point in Byzantine times (Figure 2).  Its properties reflect colluvial-aeolian sedimentation, aridification and episodic contamination in smelting slags and heavy-metals in late prehistory.  Likewise, both exposures are underlain by OSL-dated Late Pleistocene coarse-grained fluvial deposits (Faynan Member – Lower Component) and the undulating topography developed on them (Figure 2; Grattan et al. 2007; Hunt 2004, 2007a, b & c; McLaren et al. 2004).  
All the stratigraphic and archaeological evidence at this location suggest the surprisingly high concentrations of heavy-metals in samples D to I are not compatible with their most obvious archeological explanation in this region (Table 1) – local contamination from by high-temperature copper-metallurgy in the Early Bronze Age, or possibly in the local Chalcolithic (Figures 2, 3a and 3b) (for discussion see Adams 1997, 1999; Adams et al. 2010; Barker et al. 2007a; Grattan et al. 2007; Hauptmann 2000; 2007; Muhly 1988; Neuninger et al. 1964; Radivojević et al. 2010; Thornton et al. 2010).  Seven thousand calendar years is significantly older than any hot-metallurgy discovered in this region, or indeed anywhere else in the World.  The earliest ancient hot-metallurgy recognised by wider-scale investigations of airfall-heavy-metal pollution is typically younger in age by a thousand years or more (Boutron et al. 1995; Celine et al. 2008; Grattan et al. 2007; Shotyk et al. 1998).  An alternative anthropogenic explanation of this inferred heavy metal contamination (Table 1) is prompted by circumstantial evidence from nearby Tell Wadi Faynan – the presence there of clasts of green copper ores and the pyrotechnological skills to make lime plaster.
Figure 2 here
This study examines a range of plausible explanations of these unexpectedly high concentrations of copper and lead detected in the fluvial sediments, which are summarised in Table 1.  
It does this on the basis of: 
(i)	a reappraisal of the stratigraphy, stratification and palaeogeography at the exposure; and their relationships with
(ii)	further geochemical analyses that also clarify the extent to which these comparatively high concentrations might be the result of:  (a) the small number of initial analyses, chance, co-incidence, or observational error;  (b) “natural” geomorphological processes essentially unrelated to people;  or (c) the consequence of human activity as suggested by Grattan et al. (2007);  and
(iii)	comparison with estimates of the concentrations of copper and lead estimated from new survey data that might have occurred “naturally” in the sediments of this small stream, as suggested by the properties of:  (a) other such fluvial sequences in the area of (broadly) comparable lithology and age;  (b) coarse grained-fluvial clastic conglomeratic sequences of Late Pleistocene age that underlie study sequence (Faynan Member – Lower Component), and paludal (stream-marsh-overbank) deposits of Late Pleistocene age mapped locally as the Lisan Beds by Raab’a (1994); and  (c) the modern braidplain sediments of the Wadi Faynan.  
Exposures WF5021 and Tell Wadi Faynan are approximately 1 kilometre down-wadi from the Khirbat Faynan.  This was a major centre of ancient copper extraction and hot-metallurgy from the Bronze Age to the end of Classical Times (and also perhaps briefly in medieval times) which remains an area of notable heavy metal contamination (Barker and Gilbertson 2002; Barker et al. 2007a&b; el-Rishi et al. 2007; Geerlings 1985; Gilbertson et al. 2007; Grattan et al. 2007; 2013; Hauptmann 1989, 2000, 2007; Hauptmann and Weisburger 1992; Hauptmann et al. 1992; Hunt et al. 2004, 2007a, b & c; Hunt and el-Rishi 2010; McLaren et al. 2004; Najjar et al. 1990).  
No other studies of putative “anthropogenic contamination” or the “natural” accumulation of heavy metals in stream sequences of such early Holocene age in this region are known to the authors. 
Copper ores in the catchment 
The geology, properties and outcrops of the main ores in bedrocks in the region have been mapped and described in detail in Rabba (1994), Barjous (1992), with archaeometallurgical research in Hauptmann (2000, 2007) (see also Barker et al. 2007a; Bender 1965, 1974; el-Rishi et al. 2007; French National Public Institute 1974; Gilbertson et al. 2007; Grattan et al. 2007, 2013, 2014; Hauptmann 1989; Hauptmann and Weisgerber 1987, 1992; Hauptmann et al. 1992; Hunt and el-Rishi 2010; Kind 1965; McLaren et al. 2004; Overstreet et al. 1982; Van den Boom and Ibrahim 1965).  There is minimal information on the presence of reworked ores in the Quaternary sequences which were mapped and dated by McLaren et al. (2004; and see Raab’a 1994).  
The concentrations of heavy metals in the modern braidplain were examined in relation bedrock sources by Saffarini and Lahawani (1992) and to the exposure of ancient copper smelting slags around the Khirbat Faynan by Grattan et al. (2007, 2013) and Hunt and el-Rishi (2010).  Heavy-metal concentrations in the fine-fraction of these modern braidplain deposits near Khirbat Faynan (Figure 1) are variable in concentration and composition, and patchy in distribution (Grattan et al. 2007; Hunt and el-Rishi 2010; see Saffarini and Lahawani 1992).  Very large surface areas of the uplands as well as in the lowlands, however, are of heavy-metal-poor Mesozoic and Early Cainozoic limestones. 
2.  the Late Neolithic fluvial sequence, its Heavy-metal “anomaly” and Palaeoenvironmental situation
The “anomaly”
For convenience, the “high” concentrations of heavy metals are termed the “anomaly”.  In greater detail, it comprises the unexpectedly high concentrations of copper and lead in samples D, E, F, G and H (Figures 2 and 3a&b).  These ICPMS measurements were of the <2mm dia. residues, after they had been sieved, and checked visually to ensure the analysed fine-fractions did not contain any minute fragments of ores.  No other lithological evidence has been found that pointed to immediate source(s) of copper that had been overlooked in the sediments.  For example, no grains of grains of local copper ores (typically bright green-blue, or black-purple where secondary manganese had permeated the copper ores) were detected by Grattan et al. 2007) in ICPMS-analysed <2mm sieved samples, in any other part of the exposure such as in the underlying Pleistocene fluvial deposits that might have been eroded, reworked and redeposited by natural geomorphological processes.  As a result, Grattan et al. (2007) concluded this “anomaly” was likely to be the result of contamination emitted in gases, fumes, particulates and debris from fires that had incinerated copper-rich materials, rather than the chance incineration of “naturally-occurring” grains of copper ores on the ground surface.  The single exception to this association was analysis I (Figures 2 and 3) which had notable concentration of copper but was located in stream sediments that lacked anthropogenic debris (Figures 2 and 3b).  
3.  REVIEW OF OTHER plausible sources and causes of contamination
Other plausible “natural” and “human” causes of the “heavy metal anomaly” in this particular stream sequence are also included in Table 1.  
More complex interactions between geomorphological processes and past human activity can be envisaged as causes of the “anomaly”.  In principle, Neolithic pastoralism around particular outcrops of ores might have increased the local rates of geomorphological processes and possibly increased heavy metal-rich fluvial sediment loads derived from them (Hunt et al. 2007a&b).  Other indirect anthropogenic causes of the “anomaly” might be the incineration of biomass-fuels from ore-rich terrain (e.g. wood and kindling / charcoal / animal droppings; see Gilbertson et al. 2007; Grattan et al. 2003a,b; Pyatt and Grattan 2001, 2002; Pyatt et al. 1999, 2000; 2005).  A post-depositional explanation prompted by the lithostratigraphy shown in Figure 2 is the “anomaly” might be the result of the infiltration downwards through (previously) overlooked desiccation cracks of undetected heavy-metal contaminated sediments from the contaminated layers previously described within the overlying Tell Loam Member (Figure 2; Grattan et al. 2007).  
“Human” explanationsContamination by “hot-extractive” copper metallurgy; Late Neolithic human activity was provided by the finds of clasts of green-blue of copper ore within Late Neolithic occupation deposits of this age at nearby Tell Wadi Faynan (Najjar et al. 1990) and still exposed in 2009, 2010, and 2013.Direct or indirect contamination by “cold metallurgy” (defined by Radivojević et al. 2010): -. gathering, crushing, use, heating and exchange of copper ores is established at Late Neolithic Tell Wadi Faynan, and in the region during the Pre-Pottery Neolithic (PPN) and Pottery Neolithic (PN); from the 10 - 11th millennia cal. BP to approximately the start of ~8th millennium cal. BP (see Adams 1991; Barker et al. 2007a, b; Bar-Yosef and Porat 2008; Craddock 1995; Hauptmann 2000; 2007; Radivojević et al. 2010; Thornton et al. 2010; Weisburger 2006).Contamination of the stream margin as a consequence of pyrotechnological activities such as the making of lime plasters – known from Neolithic Tell Wadi Faynan (Najjar et al. 1990), burning of heavy-metal-rich biomass or hardening cherts.Secondary depositional contamination as a consequence of changes in runoff and fluvial sediments caused by the impact of people, their animals and agriculture on land use and/or vegetation cover.Explanations involving “natural processes” essentially unrelated to penecontemporaneous human activityGeomorphological processes.  The “anomaly” is no more than the momentary geomorphological outcome at that location of the totality over time of fluvial, alluvial, colluvial and aeolian processes, and wildfires; which include the reworking and introducing ore-rich materials from Pleistocene and bedrock sources in an area which contains significant bodies of copper and lead.  The main bedrock sources of copper ores are the Burj Dolomite-Shale Formation Cambrian) and within particular strata in the widely exposed Umm ‘Ishrin Sandstone Formation (Cambrian) which has comparatively less lead (Hauptmann 2000, 2007; Raab’a 1994).  Contamination in heavy-metal rich infiltration deposits:  The “anomaly” reflects contamination translated downwards as infiltration-sediments along desiccation cracks and fissures from the overlying Tell Loam Member.  This stratum includes smelting slags and metallurgical debris from Bronze Age to Byzantine age.Error, chance, co-incidence, unrepresentativeness1)   Chance - unrepresentativeness.  Merely an “anomaly” produced by a small number of atypical samples and/or the simple “vertical” sampling column; and which by co-incidence may have particular anthropogenic or geomorphic associations.2)    Unsuspected errors or limitations (the working protocols of the ICPMS studies used previously are given in Grattan et al. (2007); poor observation of this difficult exposure.
Table 1.  Summary of possible causes of an heavy-metal “anomaly” observed in the fine-grained sediment-matrix of Anthropogenic-fluvial lithofacies (defined in Table 3) that accumulated at a stream margin near Tell Wadi Faynan in lowland Jordan (various sources, notably from review of Gilbertson et al. 2007; Grattan et al. 2007; Hunt et al. 2004, 2007a&b; Hunt and el-Rishi 2010; Hauptmann 2000, 2007; Najjar et al. 1990).  These explanations are not necessarily alternatives or mutually exclusive.
4.  study design
The difficult nature of the cliff-edge exposure is such that many plausible explanations of the “anomaly” could not be addressed directly.  There has never been any excavation, nor was this ever in prospect at a difficult and hazardous exposure.  In consequence, possible explanations are examined further by attempting to establish better the following:
(1)	the nature and relationships between the observed pre-2014 stratigraphy, stratification, and heavy metal content more systematically throughout the accessible and exposed stream sequence, with many more analyses than before;  and 
(2)	the nature of the likely “natural background” concentrations of copper and lead that might have accumulated in such fluvial-stream margin sediments through fluvial geomorphological processes, before the advent of “hot” copper metallurgy in the first half of the Holocene (especially at locations where the activities of “broadly” contemporary people have not been detected). 
The locations and sedimentary environments investigated are summarised in Table 2 and Figure 1, with fuller information and measurements in the diagrams and captions of Figures 3 to 6.  This reconnaissance used p-XRF (of in situ materials), and ICPMS (laboratory) analyses of samples from exposure WF5015 (Figure 1).  
At and adjacent to exposure WF5021 at and adjacent to Tell Wadi FaynanAt the accessible parts of the exposure of the c. 7,000 calendar year-old stream and stream-margin sequence in 2009-2010 (Figure 2), with reference to two lithofacies newly identified – the Anthropogenic-fluvial lithofacies, and the Fluvial-clastic lithofacies (p-XRF and ICPMS); including the surfaces of three separate fragments of pottery exposed by erosion.  
The overlying Tell Loam Member (p-XRF); and the lowest 1.3 m of closest accessible exposure of the Tell Loam Member at Tell Wadi Faynan (p-XRF). 
The Late Pleistocene fluvial deposits – mainly coarse-grained fluvial conglomerates of the Faynan Member – Lower Component -  that underlie the 7ka cal. BP stream sequence (p-XRF; several measurements are outside the exposure WF5021 (Figure 2).  These Pleistocene deposits clearly pre-date pastoralism and agriculture, as well as hot-extractive metallurgy and the hot pyrotechnology needed to make lime-plasters. 
Across the 400 m width of the fine-grained matrices of the fluvial conglomerates of the modern braidplain of the Wadi Faynan – surface and at 15 cm depth, at regular intervals; and surface braidplain analyses 31w to 33w (Figures 1 and 2; p-XRF).
Near prehistoric Barqa el-Hetiye.Paludal (marsh) silts of (Late) Pleistocene age, greater than 1 – 1.5 m thick (p-XRF).  The horizontally-bedded, clay and silt-rich sedimentary layers are 10 – 50 cm thick and lack any visible fossil content at this location.  These are undescribed, and exposed in often (dry) gullies beneath contaminated Bronze age sediments near prehistoric Barqa el-Hetiye, ~10 km west of Tell Wadi Faynan (Figure 1: Adams et al. 2010; McLaren et al. 2004).  They are attributed provisionally here to the Lisan Marls, as defined and mapped in this Faynan area by (Raab’a 1994; see Bender 1965).  At this site, they are part of the infill of a very large shallow basin into which entered many wadis, like the Faynan, that are a large fluvial catchment that drains the Mountains of Edom.  
Within gorges in the Wadis Dana and Ghuwayr.Neolithic fluvial-pond sequences upstream in the Wadis Dana and Ghuwayr of (broadly) similar lithology, palaeontology and antiquity to WF5021 (Figures 1, 4, and 5).  ICPMS at WF5015; and p-XRF at WF5510.  The particular lithological units investigated lacked any interbedded lenses of ash, charcoal, worked flint etc., or any similar sedimentary evidence of nearby pene-contemporaneous human activities.  Exposures of other possible sites in the gorge of the Wadi Dana (Hunt et al. 2004) were avoided because observation suggested that might be affected by emissions from 4WD vehicles or the presence of campsites.
Table 2.  Locations of the reconnaïssance geochemical investigations of the fine-grained matrices of modern, Holocene, and Pleistocene sequences.  Neither large nor small clasts of copper ores were detected in any of the lithological units investigated (Figures 1 to 6).
Comparative Sites - Wadi Dana, Wadi Ghuwayr, the modern braidplain, all relatively close to sources of copper-rich materials.  
Exposures of early Holocene stream sequences in the Wadi Dana and Ghuwayr (Figures 1, 4 and 5: Hunt et al. 2004, 2007a,b,c) are likely to point to the “natural concentrations” of copper and lead that might have accumulated “naturally” by fluvial processes in this ore-rich catchment.  WF5015 is on the floor of the rocky-gorge of the Wadi Dana (Figures 1 and 4) and immediately adjacent to significant outcrops of the copper-rich and lead-rich Burj Dolomite-Shale Formation.  They are on the rocky, steep hillslopes to its north and south, and in the rocky wadi floor directly upstream (Barjous 1992; Hauptmann 2007).  
At WF5510 in the deep gorge of the Wadi Ghuwayr (Figures 1 and 5), early Holocene pond-fluvial silts (termed Unit 2 in Hunt et al. 2004) predate by approximately 500-1000 years the fluvial sequences at WF5021 and WF5015.  This lithological unit was also largely lost by erosion in early May 2014.  The adjacent bedrock is the Ghuwayr Volcanics (Pre-Cambrian: Barjous 1992; Raab’a 1994).  Approximately 0.5 km further up this gorge, and closer on the steep rocky gorge-side to its south, the bedrock is the Umm ‘Ishrin Sandstone Formation (Cambrian), parts of which were quarried in the past for copper.  
The transect across the clastic sediments of the mainly spring/winter–active, modern braidplain of the Wadi Faynan adjacent to WF5021 is just over one kilometre down-wadi from the ancient metallurgical centre of Khirbat Faynan - some further (unquantified) enrichment by down-wadi contamination from the ancient metallurgy might be anticipated to have reached the active braidplain adjacent to WF5021.  Otherwise, the clast-composition of this braidplain is a typically mixture of clasts from the many thick and widespread limestones and basalts of Cainozoic and Mesozoic age, Palaeozoic sandstones and Pre-Cambrian igneous rocks within the catchment.  
5.  p-XRF and ICPMS studies
ICPMS analyses of fine-grained sediments from the stream sequence exposed at WF5015 followed the protocols described by Grattan et al. (2007).  The overall number of analyses was substantially increased in 2009 and 2010 by the use of a portable hand-held Niton® XLt Series 700 portable XRF analyser.  Haylock (2011) described the operational protocols, precision and accuracy of this particular instrument.  Whilst actual p-XRF measurements below <10 ppm of copper and lead are provided in Figures 3a&b, and 5, these concentrations are so low they are below the minima that can be reliably specified.  Above this threshold, they differ in a systematic manner, but to only a small degree (within 10%), from parallel laboratory analyses of local desert sediments that used ICPMS and/or AAS.  As a result this study focuses on the patterns and scales of difference between the measured concentrations within the different deposits, rather than the precise concentrations per se.  The exposed surfaces of the in situ and stratigraphically-separate fragments of Neolithic pottery investigated by p-XRF at WF5021 at locations NP1 to NP3 appeared clean; nevertheless, they were brushed and blown before analysis (Figure 2).  As before, all measurements were of (visually) ore-free fine-fractions of the <2mm size fraction of the various deposits.  
6.  New Stratigraphic evidence:  the Anthropogenic-fluvial lithofacies and the Fluvial-clastic lithofacies
Re-examination of exposure WF5021 from 2009 on indicated that the stream sequence previously recognised as the Faynan Member – Upper Component - comprised two distinct and interbedded lithofacies.  These are designated here as:
(i)	the  Fluvial-clastic lithofacies;  and 
(ii)	the  Anthropogenic-fluvial lithofacies.
They are described and interpreted in Table 3 and located stratigraphically in Figure 2.  Their separate identities have not been defined previously; neither have lithofacies of this age and situation been described elsewhere.  
The Fluvial-clastic lithofacies Field Description.  This comprises 1- 2 m thick (variable) epsilon-cross-bedded, pale-grey, layers of sorted silts, sorted fine-gravels, and sometimes poorly-sorted stony-silt diamictons.  They are thickest in the more central part of a palaeochannel.  They continue beneath the Anthropogenic-fluvial facies in its western exposure.  Sedimentary parting planes and desiccation surfaces with low, but variable, apparent dips were present: these are fewer in number than in the adjacent Anthropogenic-fluvial lithofacies, with which it is often interbedded to the west and east.  Sometimes there are steeper, but less distinct, contacts.  Inter-bedded lens and layers of plant-ash, charcoal and bones were not seen.  Colour varies: 2.5YR/7.1; 7.5YR/7.1, 10YR/8.1.  Boundaries.  Its upper boundary with the overlying Tell Loam Member is marked by a thin clay/silt-rich palaeosol in the western part.  In general, this boundary appears sharp, and intact, with only occasional desiccation cracks.  The lower boundary with the Pleistocene fluvial sequence is also sharp, and flat to broadly concave-upwards.  It is associated with rounded and sub-rounded boulders to 0.7m dia. that resemble those in the underlying Pleistocene fluvial deposits.  There is no evidence of any fine-grained lag deposit.  Palaeoecology – the silts and fine sands contain in situ trace fossils of the rhizomes of Phragmites, reed rhizoliths, and molluscs of stream- and stream-margin habitats.  It contains anomalous sample I.  No clasts of smelting slag were found.  One worked flint/chert was immediately above the sharp contact with the palaeo-terrain developed on the underlying Pleistocene gravels.  Age: approximately seven thousand calendar years by reference to the AMS date at solid charcoal sample G - cal. BP 2σ  7245-6994 [Beta-205964]. Interpretation.  These properties point to episodic deposition in the (typically) more strongly flowing and deeper parts of a “perennial” meandering stream, whose overall dimensions and hydrological régime are unknown.  The boulders are part of the pre-stream topography and have been partially incorporated during floods from eroding stream banks.  -------------------------------------------------------------The Anthropogenic-fluvial lithofacies  Field Description.  Thickness is 1 to 2 m (variable).  It mainly comprises layers of well-sorted silts and fine sands, occasional lenses of well-sorted fine gravels, or stony-silt diamictons.  In some silt-rich layers, charcoal-powder is disseminated giving grey tones to this lithofacies.  Several layers are interbedded with lenses or thin layers of unsorted plant-ash, charcoal fragments, comminuted charcoal, and fragments of bone, occasional worked flints and pottery fragments; sometimes these are en masse, and display minimal or no evidence they are the result of re-deposition or reworking by water.  They may be friable and loose.  These layers/ lenses become thinner, or are no longer present in the deeper parts of the former channel.  The layers and lenses display variable, but low, angles of apparent dip.  Several are bounded by clear sedimentary parting planes. Some have surfaces of desiccation or induration, from which descend desiccation cracks.  Occasional sub-rounded to rounded boulders to 0.8 m dia., occur that resemble boulders in the underlying Pleistocene deposits.  There are voids.  The lithofacies often interdigitates laterally with the Fluvial-clastic lithofacies; it is also underlain by it and sometimes there are steeper, but less distinct contacts.  Clasts of smelting slag were not noticed within this lithofacies.  Colour varies – 7.5YR/ 6.1, and /7.1 to /7.4; 10YR/6.1; often they appear grey in the exposure.  Palaeoecology.  The silts and fine sands contain in situ trace fossils of the rhizomes of Phragmites, reed rhizoliths, and molluscs of stream- and stream-bank habitats.  On the former western margin of the stream is the location of the heavy metal “anomaly” in samples D to G, and H.  Boundaries.  The upper surface is often marked by a layer that appears more clay/silt-rich, and is possibly indurated.  A palaeosol of more silt/clay-rich materials at the base of the overlying Tell Loam Member.  Often this boundary is stratigraphically-sharp and intact; including above the position of the original heavy-metal “anomaly”.  There are occasional desiccation cracks.  Further east this upper contact is more transitional.  The lower boundary is sharp.  Age: approximately seven thousand calendar years (charcoal at G:  cal. BP 2σ  7245-6994 [Beta-205964].Interpretation.   These properties indicate both stream margins were intermittently wet.  Sometimes they were underwater with episodic overbank deposition that incorporated and disaggregated charcoal deposited at this location.  Other lenses and pieces of solid charcoal essentially remained intact, presumably, with fragments of bones, pottery and worked chert they were preserved beneath overbank muds.  The stream margins may have also been trimmed by the stream.  Episodically at times of lower discharge, the stream margins dried out and cracked.   The simplest explanation of the boulders is they were introduced during floods from the surfaces of the Pleistocene fluvial deposits.  The origin of the voids may be no more than the places from which boulders have fallen from the cliff.  The wetland of unknown dimensions created by the stream and subsurface flows could have provided the materials for the manufacture of the baskets excavated at Tell Wadi Faynan by Najjar et al.  The recurrent wetness of this habitat and the depositional environments of the ash-charcoal suggest the fires are less likely to be the result of recurrent natural wildfires at the stream banks and more likely to be the results of people lighting fires.  This lithofacies is result of the interaction of anthropogenic and fluvial geomorphic processes at riparian habitats.  
Table 3.  Summary descriptions and interpretations of the Fluvial-clastic lithofacies and Anthropogenic-fluvial lithofacies that form the seven thousand calendar year old stream sequence exposed at WF5021 (Figure 2; with modified and with additions from Grattan et al. 2007; Hunt et al. 2004; 2007a,b,c; McLaren et al. 2004).
This description and interpretation clarifies the nature of the entire stream-overbank-wetland and desiccation sequence, and its wider human significance.  The new analysis indicates the exposure can be summarised:  
(i)	stream-fluvial processes that accumulated in the deeper water of a “perennial” meandering stream (Fluvial-clastic lithofacies);  
(ii)	stream-overbank-wetland-desiccation deposits, and interbedded anthropogenic deposits, that accumulated at the (often) wetland margins of the stream (Anthropogenic-fluvial lithofacies);   and  
(iii)	the undulating and eroded land surface beneath them that was developed on Pleistocene fluvial deposits of the Faynan Member – Lower Component.  
The exposure is evidently not a simple “layer-cake” accumulation of strata whose varying properties can be adequately represented by description and sampling only along a single semi-vertical “column”, as originally carried out through it.  The stratification observed shows the Fluvial-clastic lithofacies and Anthropogenic-fluvial lithofacies essentially developed in parallel, both in space and time.  It is not known, whether or not any anthropogenic materials once accumulated within the palaeochannel when it was dry, only to be eroded by later strong flows.  Such erosional processes might have caused some of the steeper sediment-contacts observed.  Although different in detail, this new interpretation concurs with the essence of that reached previously (Grattan et al. 2007; Hunt el al. 2004, 2007a&b; McLaren et al. 2004).  
The combination of the evident recurrent wetness of this habitat, the depositional evidence of both disseminated and in the in situ lenses of ash-charcoal, as well as bones and pottery, suggest the charcoal found within the Anthropogenic-fluvial lithofacies is less likely to be the result of recurrent natural wildfire at the stream banks than it is to reflect fires lit episodically by people.  In the absence of excavation, definitive evidence is absent.  The spatial extent of this stream and its wetland habitats are unknown, but it extended along the wadi-floor to Tell Wadi Faynan.  
6.	 THE stratigraphic distributions of copper and lead in the seven Thousand CALENDAR year-old stream sequence, in relation to Pleistocene fluvial and Paludal sequences, and the Modern Braidplain. 
The distributions of each individual measurement of copper and lead in relation to the outcrops of the two newly recognised lithofacies at WF5021 are set out in Figures 3a and 3b.  
To the extent it can be judged in these data, the patterns of highs and lows in the concentrations of copper measured by ICPMS and p-XRF are in consistent with each other, even though the different approaches were applied were at slightly different places and at different survey dates as a result of the eroding exposure.  
Figures 3a and 3b together, and place 3a above 3b, here
The stratigraphic distribution of copper in the Fluvial-clastic lithofacies
Inspection of Figures 3a and the summary in Figure 6 indicate the concentrations of copper measured in the Fluvial-clastic lithofacies are similar to, or below those of the following deposits: 
(i)	the underlying Late Pleistocene fluvial sequence that is the Faynan Member – Lower Component; 
(ii)	the “Lisan Marls” as defined by Raaba (1994) - Late Pleistocene: paludal, overbank, lacustrine and fluvial sequences;
(iii)	the modern braidplain deposits.  
This information on both the fluvial and paludal sequences of Late Pleistocene age provides one measure of the relative abundance of detrital copper that were being introduced by natural fluvial geomorphic processes into this particular environment at times before any early agriculture.  
The fine-grained sediments on the modern braidplain have slightly lower concentrations of copper than those found in either of the two Pleistocene sequences.  This initially surprising finding suggests the importance of the addition to the braidplain of carbonate materials from the catchment after the end of the long period of copper metallurgy upstream, and perhaps the patchiness of the transport of heavy-metal-rich archaeological materials described by Grattan et al. (2007; 2013) in the modern braidplain near Khirbat Faynan. 
In consequence, the summary data shown in Figure 6 from these three fluvial sedimentary environments suggest the provisional adoption for this location of a concentration of copper in the order of 193 ppm in the sediment fine-fraction, as the local upper limit of concentrations of copper that can be reasonably attributable to the “natural fluvial geomorphic background” – i.e. primarily erosion and deposition: not least because two of these are of Pleistocene age and pre-date significant local human impacts on erosion and deposition.  
The concentrations measured at the outcrop of the Fluvial-clastic Lithofacies were well below this provisional threshold of 193 ppm of copper (Figures 3a and 6).  Many were much lower: there is a single exception - sample I (Cu 316 ppm).  
It is not easy to argue from these data that the upper limit of “natural” net depositional rate of copper associated with this Late Neolithic stream is under-estimated by the provisional threshold set at 193 ppm copper.  Neither do these data point to Neolithic pastoralism or cold-metallurgy significantly as significantly the flux of copper within this stream at that time.  
The stratigraphic distribution of copper in the Anthropogenic-fluvial lithofacies
In contrast, the seven measurements (p-XRF & ICPMS) that are higher than this provisional local threshold of ~193 ppm of copper (and sometimes notably higher) are all located within the Anthropogenic-fluvial lithofacies (Figures 3a and 6 - apart from sample I).  The highest measurement by ICPMS of 1459 ppm of copper that highlighted the “anomaly” was just inside its outcrop.  Most of the high concentrations were immediately to its west, such that five of the concentrations of copper >~193 ppm were likewise associated with the stream’s former western margins (Figures 2 and 3a).  Two were p-XRF measurements: 446 ppm in a layer of powder-charcoal-silt, and 277 ppm at the interface of grey silt/ash and grey silt.  Another was located on the opposite stream margin (209 ppm [with another of 193 ppm] in grey silt with disseminated plant-ash) – an area that was especially difficult and hazardous to reach.  The surfaces of three separate and stratigraphically distinct fragments of pottery (NP1, NP2 and NP3) were exposed within the Anthropogenic-fluvial lithofacies.  All had comparatively high concentrations of copper.  
Nevertheless, the summary data in Figure 6 also show that a significant number of measurements in the Anthropogenic-fluvial lithofacies had notably lower concentrations of copper.  The lowest ~40% are akin to those observed in inter-quartile range of the adjoining Fluvial-clastic lithofacies (Figure 6).  In geomorphological terms, this is expected.  
Overall, this stratigraphic and geochemical survey indicates the original “heavy-metal anomaly” that was recognised is a real phenomenon in terms of copper.  Its overall properties are primarily characterised by the ~60% of measurements in the Anthropogenic-fluvial lithofacies that notably exceed those of the upper inter-quartile measurement of concentrations in the Fluvial-clastic lithofacies (Figure 6), with the highest concentrations essentially restricted to outcrops of the Anthropogenic-fluvial lithofacies.  The anomaly” extended significantly across the exposure beyond its original place of detection.  Nevertheless, not all of parts of the Anthropogenic-fluvial lithofacies were notably enriched in copper (Figure 6).  The observed stratification suggests some measurements in the overbank sequences ought to have properties more akin to sediments derived from higher in its catchment within its flow channel (i.e. the Fluvial-clastic lithofacies), and this appears to be case.  
This new stratigraphic interpretation supports the earlier inference that the (visible) presence of ash and charcoal is critical to the presence of significant concentrations of copper, and hence they may be causally-related.  The adoption of a looser definition of the threshold than ~193 ppm, which recognises the less precise nature of p-XRF analyses, does not significantly modify the inferences above.
There was no indication in the observed stratigraphically-related pattern of copper concentrations that desiccation cracks (visible or unseen) were downwards-routeways into the fluvial sequence for contaminated infiltration-sediments originating from the overlying Tell Wadi Loam (Figure 3a).  This judgment supports the conclusions of the further close observations of the exposure carried out between 2009 to 2014 on the extent to which the intervening palaeosol was as a barrier to such infiltration (Table 2).  The new surveys, like the original, did not locate any visible fragments or small grains of native copper or clasts of copper ores within the outcrops of this stream-sequence, either within particular strata, or at the bedding planes between them.  The summary data in Figure 6 conform to this interpretation.  
These data emphasise the unusual character of sample I - they prompt a suspicion that the original survey missed a grain of comparatively lead-rich copper-rich ore.
The p-XRF analyses of separate fragments of Late Neolithic pottery (NP1-NP3) within the Anthropogenic-fluvial lithofacies measured between 224 and 296 ppm of copper.  The material source(s) used to make this pottery is/are unknown.  One potential local source is the fine-grained sediment fractions of overbank deposits such as occur within the Late Pleistocene paludal deposits (mapped as the Lisan Marls by Raab’a 1994) that accumulated within the large and shallow drainage basin between the Mountains of Edom and the rugged hills at the edge of the Wadi Araba (Figures 1 and 6).  This basin was fed by late Pleistocene rivers that drained the hilly and mountainous parts of the Orefield (Table 2).  At the Barqa exposures, these paludal infill-sediments had low very concentrations of copper (Figure 6); this finding is repeated at numerous other exposures in the area (Grattan and Haylock, unpublished).  Whilst unpublished research confirms such Late Pleistocene paludal / overbank deposits are widespread as mapped by Raab’a (1994), and they are no doubt more complex than currently understood, the actual lithological source(s) of the pottery found at WF5021 is not known.  Nevertheless, these analyses raise the possibility that these three fragments of Neolithic pottery were contaminated in some manner by allochthonous copper.  
The stratigraphic distribution of lead
The concentrations of lead measured through these Holocene and Pleistocene sequences at WF5021 are shown in Figure 3b, with comparative summary data in Figure 6.  
Again, there is a general coherence between the distribution of concentrations of lead across the eroding exposure as measured by ICPMS and by the later p-XRF.  The distributions of highs and lows in the concentrations of lead across the exposure of the two lithofacies were not, however, precise parallels of the stratigraphic patterns displayed by copper.  For example, whilst the higher concentrations of copper were sometimes associated with comparatively higher concentrations of lead, this was not always the case.  The highest concentrations of lead were not in stream-margin locations.  There is no evidence that the fragments of pottery (NP1-NP3) are/were (en)riched in lead (Figure 3b).  Analyses H and I are notably rich in lead, such ores are known in the area (Figure 6).  
Finally, the magnitude and variability of these lead concentrations in the Fluvial-clastic lithofacies and the Anthropogenic-fluvial lithofacies are akin to those measured: - in the underlying Late Pleistocene fluvial sequence; in the Late Pleistocene paludal sequence; and across the adjacent modern braidplain (Figure 6).  In summary, the “anomaly” is less evident in the concentrations of lead, than it is for copper.
6.	Stratigraphic distributions of copper and lead in Earlier Holocene fluvial sequences in the Wadis Dana and Ghuwayr
fluvial-pond deposits in the Wadi Dana at WF5015
The concentrations of copper ranged from 21 - 31 ppm in the sediment column through fluvial and overbank deposits (Unit 5: Figures 4 and 6).  The concentrations of copper are essentially uniform. They are lower than the majority of those determined further down-wadi at WF5021, as well as those measured in many parts of the various Pleistocene deposits in the catchment (Figure 6).  The concentrations of lead ranged from 9 to 19 ppm.  Overall these ICPMS measurements of both metals are akin to the lowest concentrations determined in the Fluvial-clastic lithofacies at WF5021 (Figure 6).  There is no indication at WF5015 of any “anomaly” akin to that detected at WF5021.  
Figure 4 here
Fluvial and pond deposits in the Wadi Ghuwayr at WF5510
The p-XRF measurements of copper at Profile gh1-gh5 in Unit 2 are comparatively low and relatively uniform (38 – 52 ppm; Figures 5 and 6).  They are broadly similar to those of the lower part of the range displayed by the underlying Pleistocene fluvial deposits at WF5021.  The concentrations of lead are likewise much the same (7 – 18 ppm).  There are no indications in these data of any “anomaly” as detected at WF5021.  
Figure 5 hereabouts
These two surveys up-catchment in the Wadis Dana and Ghuwayr, both in much closer proximity to ore-rich bedrocks than WF5021, are consistent with the inferences previously drawn at WF5021 about the composition of fluvial and paludal sequences that lack evident anthropogenic components.  The inferred “natural fluxes” of copper and lead at these up-wadi locations are much smaller than identified down-wadi at WF5021; the reasons are not yet clear.  The concentrations of lead appear more proportionally more variable than the concentrations of copper.  
Figure 6 hereabouts
8.	POSSIBLE Explanations: Summary and Discussion 
These inferences drawn from this stratigraphic and geochemical reconnaïssance are summarised in Table 4.  
Copper:There is a general coherence between the stratigraphic distributions of the concentrations of copper measured by ICPMS and by p-XRF across the exposure of various fluvial deposits at WF5021; i.e. the analytical techniques are reliable.   The original “anomaly” recognised for concentrations of copper is “real”.  It is relatively widespread in the 7ka cal. BP., stream sequence at WF5021 – the Faynan Member – Upper Component.  It is not the result of some previous error in instrumentation or of inadequate sampling design.  Nor is it merely a “random” feature, a consequence of chance, nor co-incidence.  The heavy-metal “anomaly” in the early Holocene stream sequence at WF5021 relates more to concentrations of copper than lead. This “anomaly” is not the result of post-depositional contamination by sediment infiltration from contaminated parts of overlying strata. The patterns of copper concentrations in the Fluvial-clastic Lithofacies, and upstream in similar deposits within the Wadis Dana and Ghuwayr (WF5015 and WF5510), all point to the geochemical background-load of this meandering stream as it traversed (sometimes) ore-rich terrain.  These concentrations detected are one or two orders of magnitude smaller that the higher measurements in the original “anomaly”. Comparison with the measurements from the underlying Pleistocene fluvial (Faynan Member – lower Component) and down-wadi Late Pleistocene paludal deposits (Lisan Marls of Raab’a 1994) suggest that the geomorphic-pedological impacts of Neolithic pastoralism, agriculture, or cold-metallurgy in this terrain, did not have notable impacts on the relative abundance of copper in the Fluvial-clastic Lithofacies. It is not yet clear why concentrations of copper and lead in the newly recognised lithofacies at WF5021 are higher than those of broadly similar age in the Wadis Dana and Ghuwayr. This re-survey further suggests the aggrading surface of stream-margin in the early Holocene at WF5021 did not contain fragments of copper ore that were detectable by eye.  No accumulations or lenses of detrital copper ores, or of stockpile of green stones/ copper ores, were discovered.  There is no evidence to suggest the copper “anomaly” is the result of small clasts of copper ores being were reworked into the Anthropogenic-fluvial lithofacies by fluvial geomorphic processes from sources in the underlying Pleistocene sequences - the fine fractions of the latter are characterised by notably lower concentrations of copper.The largest concentrations of copper, as well as the original “anomaly”, are systematically and probably causally associated with the Anthropogenic-fluvial lithofacies - stream-margin/ overbank / riparian sedimentary environments - where there are clear indications of episodic localised human activity that involved fires on dry stream-margins.  The higher concentrations of copper are typically one or two orders of magnitude larger in comparable and adjoining slightly deeper-water fluvial sedimentary environments.  These high concentrations further suggest some form of contamination causally associated with charcoal / fires lit by people.  Some other parts of the Anthropogenic-fluvial lithofacies have notably lower concentrations of copper, possibly reflecting the intermittent overbank deposition of flood-silts that are likely to have reflected the local, smaller, “natural” fluvial geomorphological flux of this metal. Although not impossible, there is no evidence that “natural” wildfires caused the charcoal in the Late Neolithic at WF5021; although they may have taken place, they may have been relatively infrequent in what was locally often a relatively congenial, stream, wetland habitat.  Overall base-flow and soil-sediment water-levels were sufficient to sustain freshwater reeds and aquatic molluscs.  The biological resources of this riparian-wetland habitat may have used by people at Tell Wadi Faynan.The relatively loose and friable anthropogenic materials of the Anthropogenic–fluvial lithofacies survived because they were buried / preserved beneath overbank-muds intermittently deposited on the stream margins during high flow stages.  Whilst, the frequency of inundation by such overbank flows is unknown.  It is unknown whether or not the materials akin to the Anthropogenic-fluvial lithofacies ever accumulated in the central areas of stream-channel of WF5021 during dry stages, to be subsequently removed downstream by the fluvial processes that deposited the epsilon-cross bedded silts/sands/ and gravels of the meandering stream.  The people responsible for both the fires and the heavy metal “anomaly” might have come from adjacent Tell Wadi Faynan where fragments of greenstones - copper ores – occur in Late Neolithic archaeological deposits, together with indications of the capability to maintain very hot fires.  The Fluvial-clastic lithofacies and the Anthropogenic-fluvial lithofacies essentially developed in parallel in space and time, and both were affected by episodes of desiccation.Further inferences concerning concentrations of lead:Natural fluvial processes might have been of greater importance for determining the concentrations of lead than was the case for copper.  The concentrations of lead in fluvial sequences may be more variable in proportional terms than those of copper.Analysis IAnalysis I remains atypical.  The simplest explanation is that it reflects an undetected minute particle of copper-rich, ore. Methodology  The addition of a lithofacies-based based approach and p-XRF surveys appears to have been worthwhile in this geoarchaeological reconnaïssance of a challenging desert location.
Table 4.  Summary of the inferences concerning the concentrations of copper and lead in sediments based upon this geoarchaeological reconnaïssance of the stratigraphy, sedimentation, palaeogeography and geochemistry of:  a seven thousand calendar-year old stream sequence at exposure WF5021 in the Wadi Faynan; early Holocene stream sequences in the Wadis Dana and Ghuwayr; the modern braidplain of the Wadi Faynan; and Late Pleistocene fluvial and paludal sequences (see Tables 1, 2 and 3). 
Several points merit further discussion.  The presence of plant-ash and charcoal within the Anthropogenic-fluvial lithofacies raises the possibility that emissions of copper might have derived primarily from the burning heavy-metal rich biomass, rather than contamination from the incineration of heavy metal-rich mineral grains during the Late Neolithic.  
This possibility seems an inadequate explanation in terms of the geology, geography and archaeology of the region, and the information presented above.  Even though some modern trees, plants and animals are contaminated when in proximity to the massive outcrops of residual smelting slags / contaminated ground founding the modern landscape, such materials did not exist during the Late Neolithic (Gilbertson et al. 2007).  Despite the archaeological importance of the copper ores in the catchment, the spatial extent of their outcrops is comparatively small (Raab’a 1994).  Otherwise, there is no archaeological or any other evidence of any terrain, soils, biomass, or runoff that this area would have “naturally” contained significant concentrations of heavy metals.  This conclusion is supported by these new investigations of the concentrations of copper and lead in the Pleistocene fluvial and paludal sequences, as well as in the early Holocene fluvial sequences in the Wadis Dana and Ghuwayr described previously (Figure 6).  
The immediate sources of copper-rich materials and the mechanisms of episodic copper-contamination of the Anthropogenic-fluvial lithofacies remain uncertain.  Any copper-ores present were too small in size to be seen in the exposures, and they were not suggested by the investigation of the underlying Pleistocene materials.  Likewise, this survey found no evidence that some form of purposeful hot-metallurgy or of (accidental) wildfires caused the detected combination of ash, charcoal, and the associated higher copper concentrations.  
Anthropogenic mechanisms and motivations
In consequence, the evidence at this seven thousand calendar year-old stream-wetland sequence, together with the observed clasts of copper ore at Late Neolithic Tell Wadi Faynan and the capability to create hot fires, all prompt the speculation that fine-grained heavy metal-rich debris were in some manner (perhaps accidentally, perhaps purposefully, but repeatedly) introduced by people into very hot fires that they had lit at the stream margin(s).  The heat appears to have been was sufficient to emit suites of heavy metals (Grattan et al. 2007) and then to contaminate the accumulating charcoal and mineral soils/sediments at the ground surface. 
The motivations of these contamination-inducing activities are unknown.  Perhaps there were none - they were merely casual, without thought: such as unconsidered consequences of the hypothesised interaction between the practise of cold-metallurgy and the coincident use of hot pyrotechnologies at a congenial stream-bank location whilst making lime plasters.  Maybe they were (also?) carried out purposefully for fun (the displays of multiple colours in flames at night), interest, enquiry, mystical or some other reason?  But this analysis does not necessarily imply some local direct precursor of purposeful, early, hot-extractive copper metallurgy.  Such activity this is evidenced later in this area (see Adams 1997, 1999; Barker et al. 2007; Hauptmann 2007).  
But, whatever the mechanism(s) and intention(s) that underline this geomorphological evidence, this reconnaïssance indicates that approximately seven thousand calendar years ago, Late Neolithic people in wetland habitats in the Wadi Faynan created the earliest (currently) known heavy-metal contamination of burnt-biomass and overbank-sediments at the margins of a small stream. 
10.	Conclusions
The combination of a lithofacies-based based approach and p-XRF survey appears to have been worthwhile in this study of a challenging desert landscape.  The different analyses appear consistent with each other. 
This geoarchaeological reconnaïssance suggests the following inter-related hypotheses whose evaluation would benefit from controlled excavations at this difficult and hazardous wadi-edge location.  Human activity adjacent to Tell Wadi Faynan during the Late Neolithic created a distinctive Anthropogenic-fluvial lithofacies at the margins of a local “perennial” meandering stream.  This activity took place within a comparatively congenial fluvial-riparian-wetland habitat within surrounding steppic lowland terrain.  The episodic use of fires was associated with notable, but not universal, contamination of the steam margins in copper, and less so in lead.  The enhancements in copper were often large in comparison to those measured in the fluvial sediments that accumulated “naturally” in the more central waters of this stream - the latter were notably lower and appear to reflect more closely the “natural background” geomorphic fluxes of copper and lead.  The natural geomorphological fluxes of copper appear to have been relatively low through this and other fluvial environments before, and at about ~7,000 cal. years ago.  
The motivations of the people who lit the hot fires on the stream margins are unknown: but they appear to have left the earliest (currently) known heavy-metal contamination of burnt-biomass and of a fluvial-wetland sedimentary environment.  
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Captions 
Table 1.  Summary of possible causes of a heavy-metal “anomaly” previously observed in the fine-grained sediment-matrix of the Anthropogenic-fluvial lithofacies (Table 3) that accumulated at stream margins near Tell Wadi Faynan in lowland Jordan about seven thousand calendar years ago (various sources, notably from review of Gilbertson et al. 2007; Grattan et al. 2007; Hunt et al. 2004, 2007a; Hunt and el-Rishi 2010; Hauptmann 2000, 2007; Najjar et al. 1990; Saffarini and Lahawani 1992).  These explanations are not necessarily alternatives.
Table 2.  Locations of the reconnaïssance geochemical investigations of the fine-grained sediment fractions of modern, Holocene, and Pleistocene fluvial sequences.  Neither large nor small clasts of copper ores were detected at any of the points analysed (Figures 1 to 5).
Table 3.  Summary descriptions and interpretations of the Anthropogenic-fluvial lithofacies and Fluvial-clastic lithofacies that form the seven thousand year old stream sequence exposed at WF5021; identified previously as the Faynan Member – Upper Component (Figure 2; with modified and with additions, from McLaren et al. 2004; Grattan et al. 2007; Hunt et al. 2004; 2007a,b,c).
Table 4.  Summary of the inferences concerning the concentrations of copper and lead in sediments based upon this geoarchaeological reconnaïssance of the stratigraphy, sedimentation, palaeogeography and geochemistry of:  a seven thousand calendar-year old stream sequence at exposure WF5021 in the Wadi Faynan; early Holocene stream sequences in the Wadis Dana and Ghuwayr; the modern braidplain of the Wadi Faynan; and Late Pleistocene fluvial and paludal sequences (see Tables 1, 2 and 3). 
Figure 1.  The Wadis Faynan, Dana and Ghuwayr and the ancient metallurgical centre of the Khirbat Faynan (probably ancient Phaeno) in the Faynan Orefield of southern Jordan showing the locations of the exposures of fluvial deposits of Early Holocene age (termed the Faynan Member – Upper Component) at exposures (Wadi Faynan) WF 5021, where they also underlie the adjacent to the Late Neolithic and Bronze Age geoarchaeological sequence at Late Neolithic Tell Wadi Faynan (WF5022:  252 above Jordanian datum; 30° 37’ 38”N; 35° 28’ 41” E).  The smaller and fossiliferous fluvial sites of broadly similar age and lithology at WF5015 in the Wadi Dana and WF5510 in the Wadi Ghuwayr lack any archaeological deposits in the stratum studied and are close to outcrops of copper-rich ores.  Fluvial and paludal deposits of Late Pleistocene age, respectively, were studied at WF 5021 and in gullies (termed the Lisan Marls by Raab’a 1994) near Barqa el-Hetiye.  The plan shows only some of the many ancient mines and adits and smelting sites in the region – these are younger than the exposures studied at WF5021, WF5015 and WF5510.  The village of Al Qurayquira is shown in relation to the ancient centre of the Khirbat Faynan.  Modern annual precipitation near the Tell Wadi Faynan is variable, typically 50-100 mm p.a.  Massive floods occur rarely; but one in early May 2014 removed most of exposure WF5021 and Unit 2 at WF5510.  Permanent groundwater-fed oases occur in the Ghuwayr and smaller wadi-floor springs down-wadi are at WF5015 in the Wadi Dana (el-Rishi et al. 2007; Hunt et al. 2007a, b; Palmer et al. 2007).   The site-codings follow the catalogue in Barker et al. (2007a).
Figure 2.  Summary of the Late Quaternary stratigraphy at former exposure WF5021 in the Wadi Faynan.  This includes the early Holocene stream-pond-desiccation-anthropogenic sequence designated the Faynan Member (Upper Component) which is located beneath and immediately west of WF5022, the Tell Wadi Faynan, on the north-facing, eroding, near-vertical, modern cliff that is adjacent to the geomorphologically-active modern braidplain of the Wadi Faynan (after el Rishi et al. 2007; Grattan et al. 2007; Hunt et al. 2004, 2007b; McLaren et al. 2004).  These stream deposits at WF5021 were designated in this paper as the Fluvial-clastic Lithofacies and the Anthropogenic-fluvial lithofacies, they are interbedded and developed in parallel.  The calibrated radiocarbon date of a piece of charcoal at G is cal. BP 2σ  7245-6994 (Beta-205964; Hunt et al. 2007c; McLaren et al. 2004).  This oblique section across the former stream is a composite constructed from drawings of the eroding exposures made in 1995-1999 that were reconciled on site with the extant lithostratigraphy, and sample locations during July 2009, January 2010 and May 2013.  The exposure was lost by erosion in early May 2014.  The upper boundary of the Faynan Member (Upper Component) was marked by a palaeosol that was not (visibly) disturbed by pits or desiccation cracks, or by bioturbation.  The overlying Tell Loam Member comprises aeolian-colluvial sediments and sometimes metallurgical debris, the Member dates from Chalcolithic/Bronze Age to the Roman-Byzantine at this site.  The lower boundary was sharp and was the earlier topography developed on the underlying Pleistocene sequence of the Lower Faynan Member which comprised trough-cross-bedded, sands, gravels, boulders, an occasional large lens of silt of a Late Pleistocene braided river, and an OSL date of 15.8±1.3ka (OSL Aber18/JA8).  
Points A to K mark the samples analysed by ICPMS studies reported by Grattan et al. (2007).  V marks large voids.  p-XRF analyses in 2009 are designated 1 to 30; those in 2010 as 10a to 10n.  NP1 to NP3 are surfaces of separate and stratigraphically distinct, and partially exposed fragments of Late Neolithic pottery examined by p-XRF in 2010.  Modern surface sediments on the braidplain of the Wadi Faynan are designated 31w to 33w, sampled at 15m, 25m and 35m distant from the exposure.  The boxed data provide summary information for analyses S36 to S49 which are p-XRF measurements at the surface and at 15 cm depth, made at regular intervals northwards across the full ~400m width of this modern braidplain (Figure 1: Table 2).  

Figure 3.  Plots of p-XRF measurements of the concentrations of copper (Figure 3a) and of lead (Figure 3b) superimposed onto the stratigraphy shown in Figure 2 of the Late Quaternary sequence at WF5021 adjacent to Tell Wadi Faynan.  

Figure 4.  Exposure of fluvial overbank, fluvial and colluvial deposits at site WF5015 (once designated 5515) on the floor of the gorge of the Wadi Dana which are part of the Upper Faynan Member: listing sample depths, codes, and measured concentrations in ppm of copper and lead by ICPMS in the fluvial-overbank deposits designated lithological Unit 5 by Hunt et al. (2004, 2007a,b,c).  Shells of freshwater gastropods were visible in exposures of Units 2 and 7.  The fluvial deposits studied and the pit-infill are older than the palaeosol designated Unit 8.  Redrawn with minor modifications (after el-Rishi et al. 2007; Hunt et al. 2004, 2007a,b,c) who describe this sequence and its pollen biostratigraphy.  
Figure 5.  Exposure of lithological unit 2 at site WF5510 (also once designated 5076) which comprises fossiliferous marls and clays of an Early Holocene meandering stream and pond deposits which are part of the Upper Faynan Member.  The site is within a narrow and steep sided gorge of the Wadi Ghuwayr, but unit 2 was removed by erosion during a large flood in early May 2014.  These deposits contained leaves of Quercus ilex, stones of Olea, seeds of Poaceae, Cyperaceae, Chenopodiaceae, Caryophyllaceae, Hippuris, and trace fossils of Typha and Phragmites.  This stratum had been deformed by differential loading caused by the deposition of fluvial deposits designated unit 3 and the further deposition of a thick and complex sequence of fluvial, colluvial and alluvial deposits.  The concentrations in ppm of copper and lead listed in the table are for the profile marked by gh1 to gh5 through unit 2 and measured by p-XRF in 2010.  These fossiliferous marls and clays were attributed to pollen biozone POP by Hunt et al. (2004, 2007a).  Redrawn with minor modifications (after el-Rishi et al 2007; Hunt et al. 2004, 2007a&b who describe all of this sequence).
Figure 6.  Summary of the concentrations of copper and lead measured by ICPMS and/or p-XRF: - in the fine-grained sediments of the ~7,000 cal. years BP Anthropogenic-fluvial lithofacies and Fluvial-clastic lithofacies at WF5021;  at the accessible lower parts of the overlying Tell Loam Member at WF5021;  in the lowest 1.3m of closest exposure of the Tell Loam member at Tell Wadi Faynan;  across the modern braidplain of the Wadi Faynan;  in underlying Late Pleistocene fluvial sequence at WF5021;  the lower parts of exposures of  Pleistocene (paludal) (Lisan Marls, after Raab’a 1994) at Barqa el-Hetiye;  and in early Holocene fluvial and pond sequences exposed in the Wadis Dana and Ghuwayr.  These sites are located in Figure 1.  Analysis H at 170 ppm Pb (ICPMS) in the Fluvial-clastic lithofacies is distinct from all other measurements where there is a maximum of ~90 ppm. 
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